Ongoing development of new drugs, as well as novel indications in the treatment of autoimmune diseases leads to the increasing use of immunomodulatory and immunosuppressive drugs. Immunomodulatory agent-related lymphoproliferative disorders are a known and potentially life threatening complication of chronic administration of these drugs, but are less well characterized compared with post-transplant lymphoproliferative disorders. The heterogeneous drug targets, various underlying disease indications, different drug combinations used and relatively low incidence render data collection and interpretation difficult. In this retrospective paper, we describe the clinicopathological characteristics of a larger single-center series of 72 immunomodulatory agent-related lymphoproliferative disorder cases. We divided the cases according to the therapy, administered in the year preceding diagnosis of a lymphoproliferative disorder, in an immunosuppressive drug, an immunomodulatory drug and a combination of immunosuppressive and immunomodulatory drugs group. We observed differences in "time to lymphoproliferative disorder development" with a shorter time for all the immunomodulatory drugrelated cases combined (immunomodulatory and immunomodulatory + immunosuppressive = immunomodulatory-all) vs immunosuppressive-only (p = 0.0031). The proportion of malignant cases in patients receiving immunomodulatory therapy was, however, also significantly lower when compared with the immunosuppressive treated cases (43 vs 88%; p = 0.0184). The immunomodulatory/suppressive agent-related lymphoproliferative disorders were less often associated with the Epstein-Barr virus (EBV) (31 vs 66%; p = 1.829e-05) and the lymphoproliferative disorders incidence in the first year after immunomodulatory/immunosuppressive therapy initiation was lower (18 vs 41%; p = 0.04151)-compared with a published series of 140 post-transplant lymphoproliferative disorder cases from the same center. However, a similar histopathological spectrum from nondestructive, to polymorphic and monomorphic lesions as in post-transplant lymphoproliferative disorders is observed. With increasing use of immunosuppressive and especially immunomodulatory therapy, a higher incidence of immunomodulatory/suppressive agent-related lymphoproliferative disorders is to be expected. Life-long awareness for development of immunomodulatory/suppressive agent-related lymphoproliferative disorders with clinical follow-up and timely biopsies of suspicious lesions is required since these lymphoproliferative disorders arise both early after therapy initiation and many years later. Histopathological confirmation and correct classification is necessary to guide therapy and EBV ISH should be a part of routine pathological diagnostics.
Introduction
Development of lymphoproliferative disorders in patients is a known complication of chronic suppression or modulation of the immune system. This is best characterized in patients receiving immunosuppressive drugs post solid-organ or allogeneic stem cell transplantation. In this population, the life-long incidence of post-transplant lymphoproliferative disorders varies between 1 and 20% [1, 2] , depending on the type of graft and immunosuppressive drug regimen. The 2017 revised WHO classification of tumors of hematopoietic and lymphoid tissues [3] divides posttransplant lymphoproliferative disorders into four main subtypes: nondestructive, polymorphic, monomorphic, and classic Hodgkin lymphoma post-transplant lymphoproliferative disorder. Non-destructive post-transplant lymphoproliferative disorder, generally a polyclonal process, is characterized by preservation of the tissue architecture. Polymorphic post-transplant lymphoproliferative disorder consists of small to very large, Reed-Sternberg-like, B-cells in an abundant microenvironment composed of different immune cell types. The disorder is further characterized by destruction of the normal tissue architecture and frequently necrosis. Polymorphic post-transplant lymphoproliferative disorder can be either polyclonal or monoclonal, while monomorphic post-transplant lymphoproliferative disorder is generally monoclonal. The monomorphic and classic Hodgkin lymphoma types of post-transplant lymphoproliferative disorder are further categorized as in non-immunosuppressed patients, according to the lymphoma they resemble, most frequently diffuse large B-cell lymphoma. In the development of immunosuppressionrelated lymphoproliferative disorders, Epstein-Barr virus (EBV) is known to play a role and post-transplant lymphoproliferative disorders are frequently EBV driven [4] . Similar lymphoproliferative disorders have been recognized in patients with other indications for immunosuppression such as autoimmune disorder therapy and immunosuppression-related disorders such as primary immune disorders, HIV infection, and age-related immunesenescence. The first is related to a broad variety of drugs, either with immunomodulatory or immunosuppressive effect (Table 1) . It is categorized in the 2017 revised WHO classification of tumors of hematopoietic and lymphoid tissues [5] as "other immunomodulatory-agent related lymphoproliferative diseases." Although, an increasing incidence is observed, the characterization of this group is still limited to small series (Suppl. Figure S1 ).
Research has tended to focus on lymphomas associated with either a single-specific autoimmune disease or with a specific drug, for example, rheumatoid arthritis and methotrexate-associated lymphoproliferative disorders [6] [7] [8] [9] , or a single lymphoma type, such as classical Hodgkin lymphoma [10] [11] [12] , rather than the characteristics of the group of disorders as a whole. The series of 18 cases [14] ; "# Patients" is the number of patients who at one point received the specified pharmaceutical in the year before LPD diagnosis CNI calcineurin inhibitor, DODH dihydro-orotate dehydrogenase, IL interleukin, IM immunomodulatory, IS immunosuppressive, LPD lymphoproliferative disorder, NA not available, RA receptor antagonist, TLR toll-like receptor, TNF tumor necrosis factor a Proposed mechanisms are inhibition of cyclo-oxygenase and interleukin-1, TNF activation and scavenging of reactive oxygen species [72] published by Hasserjian et al. [13] in 2009 is, to the best of our knowledge, the only study to date that undertakes this broader approach. A possible etiological distinction can be made between immunosuppressive and immunomodulatory pharmaceuticals, as proposed previously [14] (Table 1) .
Immunosuppressive agents, such as methotrexate, inhibit immune cell proliferation, while immunomodulatory agents, for instance TNFα blockers, consist mainly of monoclonal antibodies and alter the immune response by targeting relevant cytokines. The exact link between immunomodulatory/immunosuppressive medication and lymphoproliferative disorders is still under discussion with data suggesting that the underlying autoimmune disease activity might be more important than the potential effects of therapy [15, 16] . Epidemiological studies conducted to determine the role of a specific drug are difficult to perform due to the low amount of "hits" in the population [17] . For instance in inflammatory bowel disease (IBD) patients treated with thiopurines the reported increased risk to develop lymphoma varies from a 0 to a 31-fold increase [18] [19] [20] [21] [22] [23] [24] [25] and two published meta-analyses on the subject contradict each other [26, 27] . Determination of the impact of a specific therapeutic agent is further complicated by the parallel and/or successive administration of multiple drugs, potentially explaining why some studies did not find an increased risk for lymphoma in patients under immunomodulatory anti-TNFα therapy [17, [28] [29] [30] [31] .
As new immunomodulatory agents continue to become available and the number of patients receiving immunomodulatory/suppressive therapy increases, more awareness for this entity is warranted. With this retrospective clinicopathological characterization of 72 cases of immunomodulatory/suppressive agent-related lymphoproliferative disorders diagnosed in our center, we aim to better describe this entity. By focusing on all relevant medications and underlying diseases rather than on a specific combination, the result should be a general overview of the disease and its characteristics. We aim to describe differences between immunomodulatory and immunosuppressive therapyrelated lymphoproliferative disorders and investigate the role of EBV in the pathogenesis.
Materials and methods

Patient selection
A list of biopsy reports over the last 19 years from the database at the Department of Pathology (University Hospitals KU Leuven, Belgium) was generated based upon the search terms ("lymphoma" OR "lymphoproliferation") AND ("autoimmune disorder" or "immunosuppressive drugs"). Patients who had undergone solid organ or hematopoietic stem cell transplantations and patients who received immunotherapy as treatment for lymphoma or other malignancies were removed from the list. One patient was being treated for polychondritis, while being HIV positive. Since the viral load was under control and CD4+ cell count was within normal range at the time of biopsy, this patient was not excluded. The intake of immunomodulatory/immunosuppressive medication at the time of the histological diagnosis was confirmed in the clinical records. Histology was reviewed by two expert hematopathologist (T.T. and X.S.) and cases were classified according to the 2017 revised WHO criteria [3] . In total 72 patients with biopsy-confirmed lymphoproliferative disorder were retained. The cases were then subdivided as either immunosuppressive therapy related, immunomodulatory therapy related or both immunosuppressive and immunomodulatory related, as based on a previously described classification of existing therapeutics [14] . Only the drug type administered in the 12 months prior to the lymphoproliferative disorder diagnosis was taken into consideration for subclassification. Only one case received no immunomodulatory/immunosuppressive medication in the year before diagnosis. This patient had received methotrexate up to 14 months prior to diagnosis and was included in the immunosuppressive therapy group. For patients where therapy was initiated before digital recordkeeping (n = 22) or who were referred by other medical centers (n = 25) exact treatment durations were often unclear, in these cases the date of the autoimmune disease diagnosis was used as the date of therapy initiation and we assumed continuous therapy unless explicitly stated otherwise.
This study was approved by the Ethical Committee of the University Hospitals Leuven (S-55498) and was conducted according to the Declaration of Helsinki.
Clinical data
Clinical data were retrieved from the clinical files available at UZ Leuven. The following characteristics were checked: age, sex, underlying disease, (sub)type of lymphoma or lymphoproliferative disorder, staging according to the Ann-Arbor staging system, the International Prognostic Index scoring, and when patients were younger than 60, age-adjusted International Prognostic Index scoring score was used. Extranodal disease, medication information (type and duration), as well as follow-up data were collected. Time to lymphoproliferative disorder development was calculated between the initiation of the autoimmune disease as well as the initiation of the immunosuppressive/ modulatory medication. Treatment response and outcome were assessed.
Immunohistochemistry and EBV-encoded RNA (EBER) in situ hybridization (ISH)
Formalin-fixed paraffin-embedded sections were used for all stainings. Slides were immunostained automatically (DAKO, Carpenteria, CA, USA) according to manufacturers' protocol. All antibodies were purchased from DAKO unless stated otherwise (Supplemental list). Immunostains were performed on a case-by-case basis as required for establishing a diagnosis according to the 2017 Revised WHO classification. The presence of EBV was determined by EBER and performed as previously reported [32] . All EBER-positive biopsies with sufficient material were stained for EBV viral protein expression: latency membrane protein (LMP1), LMP2A, EBNA1, EBNA2 (Abcam, Cambridge Science Park, Boston, USA), and ZEBRA (BZ1). Based on the expression of Epstein-Barr viral LMP and nuclear antigen 2 (EBNA2), we defined three different conventional latency types of EBV infection. LMP1 −/EBNA2−, LMP1+/EBNA2−, and LMP1+/EBNA2+ represent latency types I, II, and III (respectively also referred to as restricted, intermediate and broad latency). Occurrence of lytic viral replication was determined by ZEBRA staining. The number of ZEBRA-positive cells was determined based on the range of ZEBRA-positive nuclei in 5 high power fields (HPFs) (×400) as previously described [33] .
Clonality PCR
Immunoglobulin heavy chain (IgH), kappa light chain (IgK) and T-cell receptor rearrangements were studied by multiplex PCR with BIOMED-2 primers using a BIOMED-2 PCR based protocol [34] as described in the supplemental data.
Statistical analysis
Statistical analysis was performed using R software (v3.4.3, session information in supplemental data). A significance threshold of 0.05 was assumed for all analyses. Overall survival was computed from the date of diagnosis until last follow-up or death of all causes. Overall survival curves were generated by Kaplan-Meier analysis and statistical significance (p < 0.05) was determined with the log-rank test. The cases were divided in groups based on the therapy for the underlying autoimmune disorder as described. Differences in proportions were tested using Chi² tests without Yates correction and Fisher's exact test in case of small cell count (n < 5). The Shapiro-Wilk normality test was used to determine if data was normally distributed. Differences in means were tested using the Welch 2 sample t-test for normal distributed data and the Mann-Whitney U-test in the other cases. Since this is a retrospective study with a limited amount of cases, a correction for multiple testing was not applied and trends (p ≥ 0.05) are also reported. As the immunomodulatory and immunomodulatory + immunosuppressive group showed strong similarities in the evaluated characteristics, an additional analysis was done between no "immunomodulatory therapy" (group IS) vs "immunomodulatory therapy given" (IM-All = IM and IS + IM).
Results
General characteristics
Of the 72 retained patients (full list in supplementary table), 42 belonged to the immunosuppressive group, 10 to the immunomodulatory group and 20 to the immunosuppressive + immunomodulatory group (Table 2) . Patients in the immunosuppressive group were significantly older than those in the immunomodulatory and immunosuppressive + immunomodulatory groups with an average age of 55.5 years vs 41.1 and 45.1 years, respectively. Rheumatoid arthritis and IBD represented 63% (45/72) of patients. Underlying autoimmune diseases present in only 3 or fewer patients were psoriasis (n = 3), chronic autoimmune pancreatitis (n = 1), interstitial lung disease (n = 1), membranous glomerulonephritis (n = 1), myasthenia gravis (n = 1), relapsing polychondritis (n = 1), and sarcoidosis (n = 1). Ankylosing spondylitis and Graves' disease were each present in 1 patient but only in combination with other diseases listed before. The proportion of high International Prognostic Index scoring score and Ann-Arbor stage were compared between the different therapy groups. An International Prognostic Index scoring score of 2-4 and AnnArbor stage of III-IV were considered as high for this analysis. Significant differences were observed as indicated in bold ( Table 2 ). The immunosuppressive group had an overall higher International Prognostic Index scoring score with a score of 2 or higher in 70% (19/27) of cases compared with 0% (0/5) and 19% (3/16) in immunomodulatory and immunomodulatory + immunosuppressive groups, respectively. Ann-Arbor staging revealed a similar trend with a high stage in 70% (21/30) of the immunosuppressive group compared with 50% (3/6) and 44% (7/16) in immunomodulatory and immunomodulatory + immunosuppressive groups, respectively. Lymphoproliferative disorder with extranodal involvement was present in 54% of patients (39/72) and 36% (26/72) had only extranodal disease with no significant differences between groups.
Histopathological and molecular features
Cases were subdivided in non-destructive/reactive, polymorphic lymphoproliferative disorders, non-Hodgkin lymphoma, and classical Hodgkin lymphoma based on the classification used for post-transplant lymphoproliferative disorders. Twelve cases (12/72, 19%) were included in the non-destructive lymphoproliferative disorder category: 11 follicular hyperplasias and one EBV+/HHV8+ germinotropic lymphoproliferation. Eight cases (8/72, 11%) were classified as polymorphic lymphoproliferative disorders: seven polymorphic lymphoproliferative processes as described for post-transplant lymphoproliferative disorders and one lymphomatoid granulomatosis. In the non-Hodgkin lymphoma category we included 44/72 cases (61%): twenty-two diffuse large B-cell lymphomas, four extranodal marginal zone lymphomas of mucosa-associated lymphoid tissues, four hepatosplenic T-cell lymphomas, two Burkitt lymphomas, two primary diffuse large B-cell lymphomas of the central nervous system, two chronic lymphocytic leukamias/small lymphocytic lymphomas, one primary diffuse large B-cell lymphoma of testes, one extranodal NK/T-cell lymphoma (nasal type), one plasmablastic lymphoma, one extramedullary plasmacytoma, one T-cell acute lymphoblastic leukemia-lymphoma, one follicular lymphoma (grade 2), and two B-cell non-Hodgkin lymphomas that could not be further diagnosed based on the available tissue. Six cases (6/72, 8%) were grouped in the Hodgkin lymphoma category: three mixed cellularity classical Hodgkin lymphomas, two nodular sclerosis classical Hodgkin lymphomas, and one lymphocyte-rich classical Hodgkin lymphoma. The remaining two cases could not be included in a specific category with enough certainty and were considered unclassifiable. Sixty-seven cases could be classified as therapy related according to the 2017 revised WHO classification of tumors of haematopoietic and lymphoid tissues [5] . The other at present not officially recognized categories (two chronic lymphocytic leukemias/small lymphocytic lymphomas, one follicular lymphoma, one extramedullary plasmacytoma, and one T-acute lymphoblastic leukemialymphoma) were nevertheless included (Table 2; full list  in supplementary table) . There were significantly more nonHodgkin lymphomas compared with polymorphic and reactive/non-destructive lymphoproliferative disorders in the immunosuppressive group vs the immunomodulatory and the immunosuppressive + immunomodulatory groups (88% (35/40) vs 43% (3/7) and 35% (6/17)). The monomorphic lymphomas comprised 39/44 (89%) B-cell, and 5/44 (11%) T-cell lymphomas. 6/50 (12%) were classical Hodgkin lymphomas. The most common lymphoma in the population was diffuse large B-cell lymphoma, not otherwise specified (36% (26/72)), of which 26% (6/23) were of germinal center B-cell and 74% (17/23) were of nongerminal center B-cell origin as determined by the Hans algorithm [35] . In three cases there was insufficient biopsy material to do the required immunohistochemical stainings. Material for EBER ISH was available in 61 cases. In total 31% (19/61) of cases were EBV-positive. Comparisons of the proportions of EBV-driven cases with the autoimmune disease therapy based subgroups (Table 3) revealed no significant differences with p-values of 0.6969 (immunosuppressive vs immunomodulatory), 0.8336 (immunosuppressive vs immunomodulatory + immunosuppressive), and 0.6655 (immunomodulatory vs immunomodulatory + immunosuppressive). Within the lymphoproliferative disorder classes 10% (1/10) of non-destructive lymphoproliferative disorders, 75% (6/8) of polymorphic lymphoproliferative disorders, 20% (1/5) of Hodgkin lymphomas, and 11/37 (30%) non-Hodgkin lymphoma were EBER ISH+. EBV latency profile could be assessed in 11/ 19 EBER+ cases with predominantly latency type II (64% (7/11)). ZEBRA staining for lytic viral replication could be done in seven cases and nuclear positivity was detected in only 3/7 cases. In two patients, both from the immunosuppressive group, there were only rare positive cells (less than 5/HPF), while in one patient, under immunosuppressive + immunomodulatory therapy, one diffuse large B-cell lymphoma showed a higher number of positive cells (15-20 per HPF) [33] . The latter lymphoma developed approximately 8 years after diagnosis of the underlying autoimmune disorder and 19 months after combined immunomodulatory + immunosuppressive therapy was initiated.
Survival and time-to-event analysis
The difference in mean duration between underlying therapy groups was not significant (Fig. 1a) . Cox-proportional hazard analysis did reveal a significantly shorter time to lymphoproliferative disorders development (Fig. 1b, c) for immunomodulatory, immunomodulatory + immunosuppressive, and immunomodulatory-all when compared with immunosuppressive patients. Kaplan-Meier analysis revealed a trend toward a decreased long-term survival for the immunosuppressive group (Fig. 1d) . Other analyses comparing survival for EBV-positive vs EBV-negative cases, International Prognostic Index scoring scores and Ann-Arbor stages are available in the supplemental data but revealed no significant differences (figure S2).
Illustrative case descriptions
The following cases were selected because of their relation to immunosuppression/immunomodulation and represent the presence of the different histological subtypes (nondestructive, polymorphic and monomorphic lesions), as described in post-transplant lymphoproliferative disorders.
Case 1, nondestructive EBV-driven lymphoproliferative disorder: a 24-year-old woman with diagnosis of both Crohn's disease and systemic lupus erythematosus presented with a chronically enlarged fluorodeoxyglucose PET-positive right-inguinal lymph node in 02/2016. She had been taking azathioprine since 2 years earlier and Infliximab since June 2009. PET-scan further revealed enlarged lymph nodes in the axillary, inguinal, and iliac regions (Ann-Arbor stage III). Biopsy of an inguinal lymph node showed a reactive lymph node with intact architecture, but EBER ISH staining showed presence of intra-follicular EBV-positive cells and HHV8 immunohistochemistry was positive in germinal centers as well (Fig. 2a-c) . This is not the normal lymph node compartment for latently positive memory B cells and this specific presentation has been reported as a germinotropic lymphoproliferation in HIV- [36, 37] . It is a recognized lymphoproliferative disorder in the 2017 revised WHO classification of tumors of hematopoietic and lymphoid tissues [38] (ICD/0 9738/1). Immunosuppressive and immunomodulatory therapy were halted and no additional therapy was given. There was a spontaneous and complete remission of the lymphoproliferative disorder. The patient was disease free at the last clinical follow-up 1 year later.
Case 2, polymorphic lymphoproliferative disorder: a 51-year-old woman was diagnosed in 2011 with rheumatoid arthritis. Initial therapy consisted of methotrexate for 3 months but was switched to leflunomide for 4 months (an immunosuppressive drug) and subsequently to adalimumab (TNFα blocker, an immunomodulatory drug), which she was still taking at the time of biopsy (06/2013). As she presented with clinical symptoms suspicious for Crohn's disease, ileal biopsies were taken in 2013 with subsequent positive bone marrow biopsies during staging. Intestinal mucosa and bone marrow biopsies revealed a polymorphic lymphoid infiltrate with a spectrum of small to large Hodgkin/Reed-Sternberg like B cells (CD20+/CD30 +/EBV−) and increased T cell numbers both in the ileum and bone marrow (Fig. 2d-f) . PCR for IGH rearrangement revealed a monoclonal pattern in a polyclonal background. The disease was staged Ann-Arbor IV with an International Prognostic Index score of 1. Immunomodulatory therapy (adalimumab) was halted and two cycles of anti-CD20 therapy (rituximab) were administered. The patient showed complete remission of all lesions and was lymphoproliferative disorder free at last follow-up 3.5 years later.
Case 3, Burkitt-like lymphoma (BL) with 11q aberration, a monomorphic lymphoproliferative disorder: a cervical lymph node core needle biopsy from a 25-year-old male patient was performed in a peripheral hospital and sent to our center for a second opinion. The patient was treated with mercaptopurine for Crohn's disease for more than 10 years. Histopathological examination of the biopsy revealed diffuse sheets of medium-sized CD20+, CD10+, BCL6+ B-lymphocytes with a proliferation index of almost 100% (Ki-67/Mib-1 staining). Frequent apoptotic bodies and macrophages resulted in a starry sky pattern (Fig. 2g-i) . Fig. 2 Representative case images for case 1 (a-c), case 2 (d-f), and case 3 (g-i). All pictures were taken on a Leica DM2000 light microscope with a Leica DFC 7000T camera; a-f ×20 objective; g-i ×10 objective; c-e zoom with ×100 oil objective; scale bar = 100 μm; d-f are pictures of a bone marrow biopsy, a-c and g-i are from lymph node biopsies; a, d, g: hematoxylin and eosin; b: EBV RNA in situ hybridization (EBER); c: HHV8 immunohistochemistry stain; e: CD20 IHC stain; f: CD3 IHC stain; h: Ki-67 IHC stain; i: C-MYC IHC stain. IHC immunohistochemical FISH examination showed no evidence for a MYC-translocation t(8q24/MYC) but three signals of the centromeric/ MLL/11q23 probe and loss of its telomeric region were detected. This is compatible with a Burkitt-like lymphoma with 11q aberration (ICD/0 9687/3) [39, 40] . This chromosomal abnormality is detected in 60% of EBV-negative Burkitt lymphomas and has been associated with immunocompromised patients [39] . Administration of 6-mercaptopurine was stopped and treatment with rituximab combined with cyclophosphamide, doxorubicin, vincristine, and prednisone chemotherapy initiated, leading to a complete remission. At last follow-up, 14 months following lymphoproliferative disorder diagnosis, the patient was disease free.
Discussion
In this series we described the clinicopathological characteristics of 50 overt lymphomas (44 non-Hodgkin and six classical Hodgkin lymphomas) and 20 cases with nondestructive/reactive or polymorphic lymphoproliferative lesions associated with the suppression and/or modulation of the immune system by different drugs. Two cases could not be classified with certainty based on the available biopsy and were designated as "Unclassifiable." Each case was diagnosed according to the 2017 revised WHO classification of tumors of haematopoietic and lymphoid tissues [3] and subclassified similar to post-transplant lymphoproliferative disorders. Current treatment consists of stopping the immunosuppressive/immunomodulatory therapy when possible and is, depending of the type of lymphoproliferative disorders, followed by immune-and/or chemo-, and possible radiotherapy.
The increased risk for lymphoproliferative disorders in the post-transplant population [1, [41] [42] [43] [44] [45] and case reports with a clear relation in time between therapy initiation and the development of lymphoproliferative disorders [46, 47] support the existence of a causative role between immunosuppressive/immunomodulatory therapy and lymphoproliferative disorders. This causative role of immunomodulatory/suppressive therapy in immunosuppressive/immunomodulatory agent-related lymphoproliferative disorders has been repeatedly suggested by case reports of lymphoproliferative disorders regression following discontinuation of methotrexate [48] [49] [50] [51] [52] , anti-TNFα therapy [53] [54] [55] [56] thiopurines [55] , tacrolimus [57] , and others [56] . A limitation in studying the effect of these drugs on lymphoproliferative disorder incidence is the still open question how long after cessation of therapy the immunosuppressive/immunomodulatory effects of these drugs linger. The 1-year cut-off used to classify cases into different therapy subgroups is based on similar cut-offs used in post-transplant lymphoproliferative disorder studies [4] but nevertheless, remains somewhat arbitrary. Another drawback is that patients in academical hospitals are often referred by other medical centers and parts of the earlier medical history are frequently lacking. As a result, the absence of errors in these records cannot be guaranteed. Furthermore, with only 72 patients some findings could have been missed due to an insufficient sample size. The five lymphoma cases that are currently not recognised as therapy related (two chronic lymphocytic leukamias/small lymphocytic lymphomas, one follicular lymphoma, one extramedullary plasmacytoma, and one T-acute lymphoblastic leukemia-lymphoma) were not excluded since they did develop in patients taking immunomodulatory/immunosuppressive medication. Notwithstanding these limitations this study is to the best of our knowledge one of the largest series of single-center "other immunomodulatory agent-related lymphoproliferative diseases" and provides more insight in the general characteristics of this disorder. The presence of the entire spectrum of lesions as exists in post-transplant lymphoproliferative disorders, which ranges from benign, nondestructive hyperplasia to monomorphic, overt malignancy, suggests a shared underlying lymphomagenesis mechanism for immunosuppressive and immunomodulatory therapy lymphoproliferative disorders similar to that in patients post-transplantation.
One difference is that the presence of EBV in our series of immunomodulatory/suppressive agent-related lymphoproliferative disorders is significantly lower than the series of post-transplant lymphoproliferative disorders (31 vs 66%; p = 1.829e-05) [4] . This could either reflect a higher intensity of immune suppression in post-transplant lymphoproliferative disorders patients compared with immunomodulatory/suppressive agent-related lymphoproliferative disorder patients, or the presence of other pathogenic mechanisms related to the underlying autoimmune disorder, which might play a role. When comparing the subgroups, our observed incidence of EBV-association is lower than in some previously reported series of immunomodulatory/suppressive agent-related lymphoproliferative disorders (82%) [9, 10] but comparable to others (38, 41%) [6, 13] . Differences in study design and focus make it difficult to accurately interpret these differences. The study of 17 cases by Hasserjian et al. [13] , with a highly comparable design to our study, reported 41% (7/17) EBV-association with 28% (8/29) in the patient group meeting the same selection criteria. In that study, however, no cases receiving "only immunosuppressive therapy" were included. Differences in the proportion of EBV-related lymphoproliferative disorders between studies could be caused by the underlying study population with more EBV-driven lymphoproliferative disorders in Asia/Japan compared with Europe [58, 59] . Nevertheless, the proportion of EBV-positive immunomodulatory/suppressive agent-related lymphoproliferative disorder cases in our series is higher than in the immunocompetent population [59] (±2%). It seems likely that this reflects the impact of immunosuppression, as in patients with post-transplant lymphoproliferative disorders, but to a less pronounced extent.
Another significant difference with post-transplant lymphoproliferative disorders patients is the proportion of lymphoproliferative disorders developing less than 1 year after immunosuppressive/immunomodulatory therapy initiation. The incidence in the first year was lower here compared with the post-transplant lymphoproliferative disorders from our center [4] (18 vs 41%; p = 0.04151). Induction therapy given post-transplantation could explain this. The difference did drop below significance when hematopoietic stem cell transplant patients were excluded (18 vs 24%; p = 0.5434), which is in accordance with the previously reported finding that post hematopoietic stem cell transplantation lymphoproliferative disorders arise earlier after transpantation [33] . The observed gender difference between nonmalignant lymphoproliferations (7/7 men) and lymphoma (8/11 women) reported by Hasserjian et al. was not confirmed in the patients included in this study. Even more, the trend (p = 0.05621) points toward the opposite with a majority of malignant lymphomas in male patients (11/14) . Differences in selection criteria make comparisons with other studies less informative. Published studies almost always focus only on specific drugs [6, 53] , autoimmune diseases [60, 61] , malignancies [10] [11] [12] , and/ or specific combinations [62] , such as methotrexateassociated lymphoproliferative disorders in rheumatoid arthritis patients [7, 8, [63] [64] [65] .
When dividing the cases in groups according to the therapy administered in the year preceding lymphoproliferative disorder diagnosis, it becomes possible to assess differences that are potentially caused by specific therapies. Because of highly varying therapeutic regimens, we divided the cases in three groups: immunosuppressive, immunomodulatory, and immunosuppressive + immunomodulatory for immunosuppressive agent, immunomodulatory agent, and drug combination treated patients, respectively. We observed differences in time to lymphoproliferative disorder development with a shorter time for the immunomodulatory and immunomodulatory + immunosuppressive groups. The proportion of malignant cases in patients receiving immunomodulatory therapy was, however, also significantly lower when compared with the immunosuppressive treated cases. Differences in follow-up could explain the earlier detection with also more "pre-malignant" lesions. Possible explanations for differences in follow-up are increased awareness among clinicians, leading to a lower threshold for biopsy taking in patients receiving chronic immunomodulatory therapy or the fact that immunomodulatory therapy consists in the vast majority out of monoclonal antibodies for which the administration requires a regular visit to the clinic. Another explanation could be the age difference in the therapy subgroups, with the immunosuppressive group being significantly older. Historically immunosuppression was the only available therapy and immunomodulatory therapy was not started unless there was insufficient disease control. Therefore, older patients with controlled disease are often treated with immunosuppressive therapy only and we expect more malignancy overall in an older population. Importantly, a similar difference in the proportions of malignant cases in different therapy groups (immunomodulatory vs immunosuppressive + immunomodulatory) could be found in the case series published by Hasserjian et al. [13] (p = 0.04214). This correlates with the observed trend in adverse survival, higher Ann-Arbor stage and the significantly higher measured International Prognostic Index score in the immunosuppressive group compared with the other groups in this study. A notable finding is that all patients described by Hasserjian et al. with polymorphic and nondestructive lesions received only immunomodulatory therapy and not immunosuppressive + immunomodulatory, which is in line with the results described here.
A correlation between Hepatosplenic T-cell lymphoma and both IBD and thiopurine treatment has been reported in literature [66] [67] [68] [69] [70] . Three out of four hepatosplenic T-cell lymphomas cases in our series occurred in patients with IBD (2X morbus Crohn, 1X ulcerative colitis). Two of these patients took azathioprine and the third had switched from azathioprine to methotrexate approximately 3 years prior to diagnosis. The fourth case was a rheumatoid arthritis patient receiving hydroxychloroquine. Due to the great differences in the applied therapeutic regimens for specific patients correlations between individual drugs and lymphoproliferative disorders are difficult to assess in a group of this size. In our series no other clear associations between therapy type, underlying autoimmune disease and specific lymphoma type are discovered although the fact that diffuse large B-cell lymphoma is the most frequent lymphoma is consistent with previous publications [71] . We encourage other groups to report series of immunomodulatory/suppressive agent-related lymphoproliferative disorders to further investigate possible correlations.
We analyzed the largest retrospective clinicopathological study so far on "other immunomodulatory agent-related lymphoproliferative diseases" with the aim to further characterize this rare entity. Since the continuous expansion of both indications for immunosuppressive and immunomodulatory therapy and the increased number of available therapeutics, we warrant an increased awareness for the occurrence of immunomodulatory/suppressive agent-related -lymphoproliferative disorders in the years to come. Clinicians need to be aware that these lymphoproliferative disorders exist and be alert during follow-up since these lymphoproliferative disorders arise both early after therapy initiation and many years later. When a lymphoproliferative disorder is suspected, histopathological confirmation and correct classification is necessary to guide therapy. EBVdriven lymphoproliferative disorders are less frequent than in post-transplant lymphoproliferative disorders, nevertheless EBV ISH should be a part of routine pathological diagnostics.
We observed occurrence of immunomodulatory agenttreated lymphoproliferative disorders earlier after therapy onset compared with immunosuppressive treated cases but with more nonmalignant lesions. Both overt malignant lymphomas and nonmalignant lesions as seen in posttransplant lymphoproliferative disorders can develop, so this could suggest that the earlier detection and subsequent stop of immunosuppressive/immunomodulatory therapy can prevent the development of overt lymphomas. Further study in larger series is, however, needed to address this. We encourage pathologists to classify these lesions according to the most recent WHO classification. Larger multicenter studies are required to identify biomarkers that can predict which patients are at risk and should be followed-up more closely in the long-term.
